Abstract Wastes generated from the production of cattle and swine in confined facilities create the potential for surface and groundwater pollution, emission of greenhouse gases, transmission of pathogens to food and water sources, and odor. It is our hypothesis that something which inhibits microbial fermentation in livestock wastes will be beneficial to solving some of the environmental problems. Our work has concentrated on the use of antimicrobial plant oils, thymol, thyme oil, carvacrol, eugenol and clove oil. Anaerobic one-litre flasks with a working volume of 0.5 L cattle or swine manure were used to evaluate the effect of thymol and eugenol on production of fermentation gas, short-chain volatile fatty acids, lactate, and bacterial populations. Either oil at 0.2% in both wastes essentially stopped all production of gas and volatile fatty acids, and eliminated all fecal coliform bacteria. In cattle but not swine waste, thymol prevented the accumulation of lactate. However, eugenol stimulated lactate formation in cattle and swine wastes. Thus, eugenol may offer a distinct advantage over thymol, because lactate accumulation in the wastes causes the pH to drop more rapidly, further inhibiting microbial activity and nutrient emissions. We conclude that plant oils may offer solutions to controlling various environmental problems associated with livestock wastes, assuming that they are cost-effective.
Introduction
Livestock industries have progressed to consolidated facilities in which a large number of animals and poultry are raised in a small area. This consolidation has created environmental concerns relating to the emission of nutrients, particulates, pathogens and odor, and contamination of surface and groundwater from waste products generated (NRC, 2002) . In the NRC report, a committee ranked ammonia and odor emissions as major research priorities on a global and at-the-property-line basis, respectively. Ammonia emitted from livestock waste primarily comes from uric acid and urea, which are hydrolyzed by the enzyme urease. Odor emitted from waste is primarily a result of incomplete anaerobic degradation of organic matter (Mackie et al., 1998) . The incomplete degradation results in the production of offensive short-chain volatile fatty acids, aromatic chemicals, amines and other nitrogenous compounds, and sulfur-containing compounds.
Odor and ammonia emissions from livestock wastes are microbial processes. Therefore, something which inhibits microbial activities in the wastes may be useful to curb emissions. Previously, we reported the use of plant essential oils, carvacrol and thymol, as agents which have antimicrobial activity in cattle and swine wastes (Varel and Miller, 2001; Varel, 2002) . Both of these plant-derived oils acted similarly by reducing short-chain volatile fatty acids, gas production, and fecal coliforms or pathogenic microorganisms in wastes. There are several advantages of using plant oils; they are natural products, are used in the food industry, and are generally recognized as safe (Beuchat, 1994; Ultee et al., 1999; Dorman and Deans, 2000) .
In this report, we describe the use of another plant-derived oil, eugenol, which affects the metabolism of the microorganisms in cattle waste differently. In contrast to thymol and carvacrol, which inhibit lactate accumulation in cattle waste, eugenol allows lactate to accumulate, which in turn lowers pH and overall microbial activity. In swine waste, all three oils stimulate lactate accumulation.
Materials and methods

Chemicals
Most chemicals were purchased from Sigma Chemical Company (St Louis, MO, USA). Carvacrol was purchased from Aldrich (Milwaukee, WI, USA), eugenol from ICN Biomedicals, Inc. (Aurora, OH, USA), and any thyme oil, thymol, clove oil, or eugenol incorporated into a granule was formulated by EcoSmart Technologies (Franklin, TN, USA).
Slurries of cattle and swine wastes
Swine and cattle wastes were processed similarly to an earlier study (Varel and Miller, 2000) . Briefly, cattle fecal waste, within 15 min of being excreted, was randomly collected from a pen of 40 animals fed a finishing diet of 85% ground corn and 15% forage. Swine fecal waste was randomly collected within 15 min of being excreted from animals fed a finishing diet of 85% corn and 11% soybean meal. Cattle and swine urine were collected from catheterized animals. For both wastes, feces, urine, and distilled water in the ratio 50:35:15 were blended (Waring Inc., New Hartford, CT) for 1 min. Four replicate samples were obtained from this slurry and analyzed for various parameters and were considered as time 0. The waste slurries were divided into 500 ml aliquots and antimicrobial plant oils were added directly at the desired concentration. The slurry was blended for 1 min to provide a homogeneous mixture of the antimicrobial oils and poured into a 1 litre Erlenmeyer flask, which was sealed with a rubber stopper and left stationary at ambient temperature (25˚C). Treatments were in triplicate, and the contents of the flasks were gently swirled before being sampled at the days indicated in the tables.
Analytical methods
Head space gas was measured by displacement of a water-lubricated glass piston in a 50 ml syringe when a 20-gauge needle was inserted through the stopper (Miller and Wolin, 1974) . Methane and hydrogen were assayed with a gas chromatograph as previously described (Varel and Miller, 2000) .
A 15-ml waste slurry sample was collected from each flask after briefly swirling the contents. The sample was mixed with 15 ml of 0.5 M H 2 SO 4 , centrifuged at 2,000 g for 20 min at 4˚C, and stored at -20˚C until analyzed (Varel et al., 1999) . L-lactate concentrations were determined with a membrane-immobilized system involving lactate oxidase (Model 2700, Yellow Springs Instrument Co., Yellow Springs, OH, USA). Short-chain volatile fatty acids (acetate, propionate, butyrate, valerate, isobutyrate, isovalerate) were determined in an aliquot from the original acidified sample as previously described (Varel and Miller, 2000) .
Statistical analysis
Data were analyzed as a split-plot in time with the GLM procedure of SAS (SAS, 1989) . Least-squares means are presented with the standard deviation (SD), and each mean represents samples from triplicate treatments (n = 3).
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Results
Several studies have been conducted with thymol that demonstrated its antimicrobial effect on cattle and swine wastes (Varel and Miller, 2001; Varel, 2002) . Therefore, it was used as a positive control in efforts to evaluate eugenol. Data in Table 1 support the previous studies that thymol (2,000 mg l -1 ) was effective in suppressing the production of volatile fatty acids (VFA) in cattle waste over a period of 42 days (75 mM compared to 199 mM). Eugenol at 2,000 and 2,500 mg l -1 was comparable to thymol in suppressing VFA production; however, 1,500 mg l -1 initially (0-2 days) allowed a rapid increase of VFA to be produced (42 to 123 mM) before most VFA production was stopped. Lactate accumulation in these treatments (Table 2) was minimal for thymol (20 mM, day 42). This contrasted sharply with the eugenol treatments in which 183, 213 and 193 mM lactate accumulated at 1,500, 2,000, and 2,500 mg L -1 eugenol, respectively, after 42 days. These high lactate concentrations are reflected in the rapid decline (within 4 days) in pH values from 7.9 to 4.5 and 4.6, respectively, for 1,500 and 2,000 mg L -1 eugenol treatments (Table 3) . The pH values, in general, are closely tied to the lactate concentrations.
Data in Table 4 illustrate the effectiveness of thymol and eugenol controlling gas production from swine waste. After 57 days, 2.39, 0.45 and 0.72 L of gas were produced in the control, thymol, and eugenol flasks, respectively. However, the majority of this gas was produced by days 25 to 30 (2.21-2.33 L), day 14 (0.39 L), and day 30 (0.70 L) for the control, thymol, and eugenol treatments, respectively. Volatile fatty acids production in these treatments were similar to those observed with cattle waste (data not shown). Lactate accumulation in swine waste ( eugenol (23.1 mM at 21 days) over the maximum concentration observed in the control flasks (4.7 mM at 42 days). Reduction of fecal coliform bacteria with thymol added to cattle and swine wastes have been observed (Varel and Miller, 2001; Varel, 2002) . Eugenol (2,500 mg L -1 ) gave similar results to thymol in which all fecal coliform bacteria in swine waste were destroyed within 48 h (data not shown). 
Discussion
Results from this study suggest that thymol and eugenol affect the microbial accumulation of L-lactate differently in cattle waste; and cattle waste fermentation when compared to swine waste fermentation, has a different lactate accumulation profile. This is summarized in Table 6 . Cattle waste stored anaerobically with no additions will produce high concentrations of VFAs and lactate, as opposed to swine waste which produces high VFA concentrations but little lactate. When thymol is added to cattle waste it prevents the accumulation of lactate, while eugenol will stimulate lactate accumulation. However, in swine waste, both thymol and eugenol stimulate lactate accumulation.
Accumulation of lactate in livestock wastes has a desirable effect because it is ionically a strong acid that reduces pH rapidly. This is advantageous for conserving ammonia in the waste slurry. The disadvantage of lowering slurry pH is that the volatile fatty acids become more volatile. However, thymol and eugenol both inhibit the production of volatile fatty acids; thus, less acids are available for emission. Even though cattle waste slurries in control flasks had high lactate concentrations which rapidly lower pH, unfortunately, high VFA concentrations are also produced, with the end result of high odor being emitted. Zahn et al. (1997) has concluded that C2 through C9 volatile organic acids from swine waste demonstrated the greatest potential for decreased air quality (odor), since these compounds exhibit the highest transport coefficients and highest airborne concentrations. Lactate is a non-volatile acid and is not considered an odorous compound.
Several studies have been conducted with the objective of lowering the pH in waste slurries in order to reduce ammonia emissions. Some have involved direct additions of organic acids, and others have added glucose, with the objective that Lactobacillus plantarum would convert the glucose to lactate (Henricks and Vrielink, 1997) . Still others have directly added lactate acid (50% concentrate) at 5% by volume (Berg and Hornig, 1997) . It was concluded that lactate reduced ammonia and methane emissions from swine waste by 90%, and nitrous oxide emissions were eliminated. However, the quantity of lactate required to lower the pH to 4.5 is likely to be prohibitive as regards cost. Therefore, addition of a plant oil, that naturally selects a microbial population which allows lactate accumulation in the waste slurry, would be useful. Figure 1 illustrates the structure of eugenol and thymol. While both are phenolic compounds, it is obvious that the different side-chains affect lactate metabolism in cattle waste. It is possible that other phenolic plant oils with side chains differing from eugenol and thymol, could also influence livestock waste fermentations in a beneficial way. Other oils may be less expensive for usage in large quantities, such as livestock production facilities where demand could exceed supply and drive up costs. 
Field studies with thymol topically applied to cattle feedlots indicate that it is aromatic, and much of it volatilizes before cattle mix it into the anaerobic zone. This would not be an issue with waste in a slurry form. Thymol is stable under anaerobic conditions (Varel, 2002) , where most of the odor compounds are produced. Under aerobic conditions it volatilizes and is metabolized, which indicates that it should not accumulate in the environment once the livestock waste is applied to soil as a fertilizer (Vokou and Liotiri, 1999 ; Dr Sadik Tuzun, Auburn University, AL, USA, pers. comm.). Our preliminary results with thyme oil incorporated into corn cob granules indicate that the granule is an effective way to apply an oil to a feedlot surface so that volatilization is minimized. The granule is mixed into the waste by cattle traffic (hoof action) and thyme oil initiates its effect. Other granular materials are also being evaluated.
Conclusions
Results from this study indicate that plant-derived oils may be effective in solving some of the environmental problems associated with consolidated animal feeding operations. Ammonia and odor emissions are two major issues of concern in animal production facilities. Eugenol suppress microbial activity in cattle waste, preventing the production of short-chain volatile fatty acids that are considered the predominant odor compounds emitted from livestock wastes. Additionally, eugenol stimulates accumulation of lactate in cattle and swine wastes, which rapidly lowers pH, and should conserve ammonia nitrogen in the waste. Thymol prevents short-chain volatile fatty acid production in cattle and swine wastes; however, it also suppresses lactate formation in cattle waste. Therefore, eugenol may be the more effective oil to use with cattle waste. More field studies are needed to generate data for cost analyses on the use of these oils in livestock production facilities. Figure 1 Structure of eugenol (2-methoxy-4-allyl phenol) and thymol (5-methyl-2-iso-propylphenol)
